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‘9‘ Thirty-two subjects were tested on six manual tasks’ when the right forefinger
surface temperature was eithe Llywered fof the control condition, or ...

lowered to temperatures of 65 and 48 enbolt~648-95 1300 and 2.
Mm)&(tter S or 50 mln\lm of cooling. Performance on all tasks
decreased with lowered surface temperature, The level of finger surface tem-

d with impaired performance and the extent of the perform-
ance decrements associated with additional cooling varied across tasks and
cooling rate, The differential effects of local :onling on manual performance
across tasks and cooling rates were analyzed in terms of the differential sus.
ceptibility of hand fi jon to of cold and the
requirements across aspects of manual performance for unimpaired functioning
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of the hands and arms, B

_The purpose of the present study was to
investigate the effects of rate of cooling and
level of lowered hand skin temperature on
manual performance. Performance was mea-
sured on a battery of six different tasks under
normal ambient temperatures and when finger
surface temperature was lowered to 65°, 55°,
or 45° Fahrenheit (18.3°, 12.8°, or 7.2° Cen-
tigrade) after 5 or SO minutes of exposure to
varying levels of ambient temperature and air
movement.

Exposure of the hand to cold results in a
lowering of hand skin temperature and in de-
crements in performagce on manual dexterity
tasks (Bartlett & Grgnow, 1952; McCleary,
1953). Cold-impaired | performance is
assumed to result frofn a loss of cutaneous
sensitivity (Mackworth, 1953), changes in
the characteristics of ynovial fluid in the
joints, (Hunter, Kerr, § Whillans, 1952), or
a loss of muscle strengh (Hellstrgm, 1965).
The relative contributigns of these and other
unspecified factors tofcold-induced manual

1 The authors express their appreciation to Carolyn
K, Bensel for her criticisms of drafts of this report.

1 Reqlmt tor reprlnts lhould be sent to John M,
Lockhart, y, United
States Amy Natick leorltorlu, Natick, Massa-
chusetts 01760.

3 Now with the Department of Psychology, Fram-
ingham State College, Frami~ uam, Massachusetts
01701.

performance decrements are assumed to be
dependent upon the parameters of cold ex-
posure and the type of manual performance
involved, Parameters of cold exposure :nclude
level of hand skin temperature, rate of cool-
ing, and locus of cooling.

The determining surface temperature for
impaired manual performance varies from 86°
Fahrenheit (30° Centigrade) to below 55°
Fahrenheit (12.8° Centigrade) depending
upon the task being performed and the part
of the body being cooled, Thus, lowering fore-
arm muscle temperature below about 86°
Fahrenheit (30° Centigrade) results in grad-
ual reduction of hand grip strength (Hell-
strgm, 1965) ; lowering finger surface temper-
ature below 68° Fahrenheit (20° Centigrade)
impairs the rotation of an object betwecen the
thumb and forefinger (Hellstrgr~, 1965); and
lowering finger surface temperature from 60°
to 55° Fahrenheit (15.6° to 12.8° Centigrade)
impalrs knot-tying performance (Clark, 1961).

In an investigation of the effect of rate of
cooling on knot-tying performance, Clark and
Cohen (1960) found that slow cooling to a
45° Fahrenheit finger temperature resulted in
greater knot-tyinz decrements than did fast
cooling to the same temperature. The differ-
ence between the slow and the fast cooling
conditions persisted when the hands were re-
warmed by exposure to normal ambient tem-
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peratures, but did not persist when an electric
muff was used to rewarm the hands. Clark
and Cohen (1960) inferred that slow cooling
rates resulted in relatively lower subsurface
temperatures and attributed the rewarming

Kiess, ano T. J. Crece

box in order to supply varying levels of wind move-~
ment. Two mock hand-cooling boxes consisting of
large pieces of plywood with armholes and a window
were used during the practice session. Hand skin
temperature was measured by copper constantan
thermocouples and recorded by a Leeds-Northrup

difference to the relative effecti of ra-
diant heat in raising subsurface temperatures,

The effect of radiant heat on hand sub.
surface temperature was inferred also by
Lockhart and Kiess (1971) when they found
that the application of radiant heat to bare
hands during cold exposure prevented or
alleviated cold-impaired manual performance,
but had only a slight effect on hand surface
temperatures. In that study the relative effec-
tiveness of radiant heat applications in pre-
venting cold-impaired manual performance
varied acrogs tasks. It is hypothesized that
those tasks for whi:h radiant heat was rela.
tively more successful in preventing cold im-
pairment (Purdue Pegboard assembly and
knot-tying) would be more susceptible to slow
cooling effects (an inferred greater reducticn
in subsurface temperatures) than those tasks
(block packing, block stringing, and screw
tightening) which were relatively less affected
by radiant heat applications during cold ex-
posure, The present study was conducted to
test this specific hypothesis as well as to de-
termine the limiting finger surface tempera-
ture for unimpaired performance acrnss a
battery of manual performance tasks,

MEeTHOD
Subjects

The following tasks were used: block packing,
block stringing, Craik sercw, knot tying, Purdue Peg-
board assembly, and screw tightening. The block-
packing task consisted of packing 2.54-centimeter
blocks, one at a time, into a box. For the block-
stringing task, each subject strung 2.54-centimeter
blocks, with a hole through each face, onto & needle
and thread. The Craik screw task consisted of metal
screwheads, five millimeters in diameter located seven
millimeters apart along the face of a metal bar,
The subject, using his thumb and forefinger, relocated
each screw one at a time. For the knot-tying task,
the subject was required to tie a standard knot on
each of a number of strings hanging from a rotatable
disk. On the Purdue Pegboard assembly task, the
subjects conutructed peg, wuher. collar, washer units,
Screw-ti ightening and loosen-
ing vertically mounted, spring-load.d screws with a
screwdriver.

Procedure

Prior to testing, each subject practiced on eac
task for five days. For four tasks, there were five
practice trials per day with a trial defined as 30
blocks packed, 15 blocks strung, six smail screws re-
located, or three screws turned five complete turns
in and five turns out. For the remainin ‘wo tasks,
there were 10 practice trials per day. Twenty knots
were tied, or six peg, washer, collar, washer units
‘were assembled per irfal. During practice, which was
conducted at an ambient temperature of 70 Fahren-
heit (21.1° Centigrade) the subjects worked in pajirs
{one from each rate of cooling group) at the mock
hand-cooling boxes. The subjects practiced with
thermocouples taped on two fingers, back of hand,
and forearm of both the right and the left arms, but
the ther le output was not recorded. The sub-

The subjects were 32 enlisted men who
for assignment to the Cliraatic Research Laboratory
of the United States Army Natick Laboratories. The
sub]ects nnged in age from 19 to 25 years and had

p in cold
Apparatus and Tasks
;‘he experlmentnl sessfons were condncled in an
ber with an e
of imately 75° Fahrenheit (23.9° Centlgrade).

Jects wore the standard Army fatigue uniform during
the practice days,

For the experimental sessions, the 32 subjects were
divided randomly into four groups of eight subjects
each, These groups were tested during consecutive
weeks with each group receiving, in a different order,
the four finger surface temperature conditions: a
control condition with no cooling and three condi-
tions in which finger surface temperature was lowered
fo either 65°, 55°, or 45° Fahrenhelt (18.3°, 12.8°,

To attain various levels of Snger surface
with two cooling rates (5 versus SO minutes of ex-
posure to varying levels ¢f amblent temperature and
air movement), the subjects placed their hands inside
& large hand-cooling box with a th ically con-

7.2° Centigrade). Over the four groups, the order of

i of the conditions was
counterbalanced across days, Within each group, four
suhjects were tested in the morning and four in the
In both the morning and the afternoon,

trolled cooling element. The subject placed his hlndl
in the box through two armholes and viewed the
interlor of the box through a window. Two small
variable speed fans were mounted inside the cocling

the desired finger surface temperature condition was
attained after either § minutes of cold exposure (half
of the subfects) or 50 minutes of cold exposure (the
other half of the subjects),
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On any given test day, a subject entered the tem-
perature-controlled chamber {75° Fahrenbeh, 23.9°
Centigrade) dressed in the standard Army fatigue
\lnlform Eaca cubject removed the fatigue shirt, and

les, secured by adhesive tape, were placed
on {a) both forefingers and both little fingers at the
base of the nail; (b) the dorsal surface of both
hands; ard (¢) both forearms. Each subject sat on
an adjustable stool with both hands in the hand-
cooling box. Box and air t were
manipulated in order to achieve a glven surfnce tem-
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and wind inued to be
lated in order to maintain the ired surface

temperature. The surface temperature of the right
forefinger was used a3 the criterion.

Experimental design. The data for each task was
analyzed separately using a Latin square analysis of
variance design in which sequence, rate of cooling,
and time of day were between-subjects variables and
order (days), right-forefi surface .
and square uni were the ini fabl
The four orders of pmentauon of the finger surface
four different

perature condition within the
period. Box temperature varied from 0° Fahrenheit
{—17.8° Centi ) up to approxd ly 24° Fahr-
enheit (28.9° Centigrade). The varfable speed fans
were off (0 miles per hour) or on with air movement
varing from 1.5 to 16.1 miles per hour. After the S-
or 50-minute exposure period, the subject performed
Abree consecutive 30-second trials on each of the six
tasks, Order of task presentation was partially
counterbalanced across conditions and within a rate
of cooling group. The task score during cold ex-
posure was the mean acroas three 30-second trials of
the number of task components completed in 30
seconds.

While each subject was performing the tasks, box

sequences. Rate of cooling refemd to the S-minute
(fast cooling) and 50-minute (slow cooling) exposure
periods to attain criterfon surface temperatures. Test
sessions were conducted either In the morning or in
the uﬁernoon (time of day). The test sessions were

d across four days or orders,
The right-f surface of each sub-
ject was either not cooled (control) or lowered to
approximately 65°, 55°, or 45° Fahrenheit (18.3°,
12.8°, or 7.2° Centigrade), These condi-~
tlons were presented In sccordance with the Latin
letters in the design. Signlficant main effects and in-
teractions wete analyzed further using the Newman-
Keuls test,

TABLE 1 '

MEAN AND STANDARD DEVIATION OF SURFACE TEMPERATURES (° FAHRENHEIT) AT DIFFERENT
REeCORDING Stres ror EAc SURPACE T:MPERATURE CONDITION

~2d condition Left-hand condition
Reco rding site Cooling .nrenheit) 0. (° Fahrenhelt)
rate -
Control 65° 55° 45° Control 65° 55° 45°
Forzfinger Fast
2 94.1 66.1 56.7 47.. 93.6 65.2 56.1 47.6
sp 20 33 18 29 2.2 20 20 18
Slow
2 934 64.4 56.8 9.0 93.8 644 56.6 470
SD 22 34 2.7 3 24 3.0 24 1.8
Little finger | Fast
X 929 66.” 57.6 494 93.6 68.6 59.4 51.0
sD 1.9 51 41 38 20 7.8 5.0 2.7
Slow
2 92.2 614 56.0 468 93.9 63.4 56.2 9.2
sD 2.5 37 39 2" 24 35 34 34
Back of hand | Fast
X 93.8 730 663 55.0 92.2 754 66.4 573
sD 1.8 38 54 48 31 58 68 4.1
Slow
X 928 752 68.0 526 93.1 16.7 65.4 544
SD 27 33 53 54 46 2.5 49 4.7
Forearm Fast
X 929 81.2 798 7 9.6 83.2 799 76.8
sD 1.8 42 6.2 [ 42 40 44 3.7
Slow
2 93.2 8.0 812 7 924 834 820 75.2
sD 32 34 28 42 3.6 38 8.1
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The mean surface temperatures at both
forefingers, little fingers, backs of hand, and
forearms while the tasks were being per-
formed are presented in Table 1. The attempt
to maintain a 45° Fahrenheit (7.2° Centi-
grade) right-forefinger surface temperature
was not ful, At all ure condi-
tions, surface temperatures at the little fingers
were similar to those at the forefingers and,
for the 55° and 45° Fahrenheit conditions, the
temperatures of these fingers were below those
levels generally associated with impaired mar-
ual performance.

Task Performance

The main effect of temperature was signifi-
cant in the analysis of the data for all tasks:
block packing (F=17.15, df = 3/48, p <
.001) ; block stringing (F = 48.80, df == 3/48,
# <.001); Craik screw (F = 28.23, df = 3/
48, p < .001); knot tying (F = 44.29, df =
3/48, p < .001); Purdue Pegboard assembly
(F=09221, df=3/48, p<.001); screw
tightening (F = 56.45, df = 3/48, p < .001).
Rate of cooling was a significant main effect
only in the analysis of the block-stringing
data (F = 4.55, df = 1/16, p < .05). The
Rate of Ccoling % Temperature interaction
was significant in the analysis of the block
stringing (F = 5.86, df = 3/48, p < .005),
Craik screw (F = 3.73, df = 3/48, p < .025),
and Purdue Pegboard assembly (F = 5.35,
df = 3/48, p < .005) data. For the block
packing data, the Rate of Cooling X Temper-
ature interaction F ratio was equal to 2,34
with p < .10. The results of the Newman-
Keuls analysis of the means from the signifi-
cant surface temperature effects are presented
in Table 2. Figures 1 and 2 present mean task
scores as a function of finger surface tempera-
ture conditions for fast and slow rates of cool-
ing. The results of the Newman-Keuls analy-
sis of the significant (# < .05) Rate of Cool-
ing X Temperature interactions are presented
in the figures as solid lires encompassing those
points which are no! significantly different
from one another.

The main effect of surface temperature on
performance differed across tasks (see Table

109 J. M. Lockuart, H. O. Kiess, anp T. J. CLecc

RESULTS TABLE 2
K 1 Mean Task Score ror Eac Surrace
Surface Temperature s o

Condition (° Fahrenheit)

Control |l *

Block packing 301 298 288 269
Block striaging | 145 141 134 113
Cralk screw B35 129 1.7 100
Knot tying 17.2 16.4 18.1 12.3
Purdue Pegboard | 237 222 201 146
Screw tightening | 336 3.1 215 216

Task

$8° i 45°

Note. The differences between scores within esch task that
=(n ullmi u:dtrllmd are slgnificant (§ < .08) using the Newmunn.
euls te

2), When averaged across cooling rate, mean
block-packing, block-stringing, Craik screw,
and knot-tying scores were not significantly
lower than those for the control condition un-
til finger surface temperature was lowered to
55° Fahrenheit, With additional cooling, per-
formance on these four tasks was significantly
lower than performance at $5° Fahrenhelt,
For the block-packing task alone, performance
at 55° Fahrenheit did not differ significantly
from that at 65° Fahrenheit. Purdue Peg-
board assembly and screw-tightening per-
‘ormance was impaired, relative to the control
condition, at the 65° Fahrenheit finger sur-
face temperature and became progressively
worse as sur{ace temperature decreased.

The means from the significant Rate of
Cooling X Temperature interactions were ana-
lyzed further using the Newman-Keuls test,
Mean scores significantly lower than those
for the contro! condition occurred at 55°
Fahrenheit with slow cooling and at 45° Fahr-
enheit with fast cooling for the block-string-
ing task and at both 55° Fahrenheit surface
temperature conditions for the Cralk screw
task. Performance on both tasks continued
to decline only for the 45° Fahrenheit, slow
rate condition (Figure 1). Differential rate
effects on performance as a function of tem-
peraiure were supported by subsequent analy-
ses of variance in which the control data were
excluded. The Rate of Cooling X Tempera-
ture interaction was significant in the analy-
sis of the block-stringing (F =3.78, df =

'
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Faouxs 1. Mean block-packing, block-stringing,

, Cralk screw, and knot-tying scores as a function

of finger surface temperature for fast and slow rates of cooling.

2/60, # < 05) and the Craik screw (F =
5.32,df = 2/60, p < .01) data.

Purdue Pegboard assembly performance
was impaired relative to the contro] condition
at 65° Fahrenheit with slow cooling and at
$5° Fahrenbeit with fast cooling. Mean scores
for these ‘wo conditions were not different
from each other, The 55° Fahrenheit, slow
cooling, the 45° Fahrenheit, fast cooling, and
the 45° Fahrenheit, slow cooling conditions
resulted in & coniinued worsening of Purdue
Pegboard assembly performance (Figure 2).
The absence of differential rate effects for the
lower temperature conditions was supported
by subsequent analysis in which the control
data was excluded. In that analysis, the main

effects of rate of cooling (F = 4.56, df = 1/
30, # < .05) and finger surface temperature
(F = 8126, df = 2/60, p < .001) were sig-
nificant. The interaction term (F = 2.76,
df = 2/60, p < .10) was not significant,

Discussion

In the present experiment, rate of cooling
did not affect knot-tying performance. Pre-
viously, the effects of rate of cooling and level
of hand skin temperature on knot-tying per-
formance had been found to interact (Clark
& Cohen, 1960). In spite of the many differ-
erices In procedure between the two studies,
it is proposed that the failure in the present
study to attain the 45° Fahrenheit criterion
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temperature (mean right-forefinger surface
temperatures were 47.9° and 49.0° Fahren-
heit (8.8° and 9.4° Centigrade)) underlies
the absence of a significant temperature level
by cooling rate interaction for knot-tying per-
formance.

The results of the present experiment have
both practical and theoretical implications. In
considering the practical implications, de-
velopers of equipment to be operated by man
in cold climates and designers of protective
equipment have been concerned with the level
of cooling associated with impaired perform-
ance, the extent of impairment, and the as-
pects of manual performance impaired by cold
exposure. Such information in the form of the
approximate mean percentage of reduction in
performance as a function of level of hand
skin temperature and cooling rate is presented
in Table 3 for each task used in the present
study, As can be seen in the present con‘ext,

Kiess, anp T. J. Crxce

the limiting hand skin temperature for unim-
paired manual performance during cold ex-
posure depended upon the task and the rate
of cooling. For a given task, initial cold im-
pairment may occur when finger surface tem-
perature is lowered slowly to 55° Fahrenheit
(12.8° Centigrade). If the fingers have been
cooled rapidly, initia! cold impairment may
not appear uatil the surface temperature has
reached 48° Fahrenheit (3.9° Centigrade).
For still another task, initial cold impairment
may be present with surface temperatures as
high as 65° Fahrenheit (18.3° Centigrade)
with slow cooling or 55° Fahrenheit (12.8°
Centigrade) with fast cooling. One of the en-
gineering options to alleviate cold-impaired
performance suggested by these results is the
design of equipment to modify the tasks re-
quired. Modifications which result in larger
objects to be manipulated and which require
less joint movement presumably should re-
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‘TABLE 3

MEAN PERCENTAGE OF DECREMENT FROM
CoNTROL PERFORMANCE

Wrist-Finger Speed, Aiming, and Speed of
Arm Movemeut (Fleishman & Ellison, 1962).
O[ the task: used in the present study, the
Purdue Peyboard assembly task hag been
identified with the Finger Dexterity factor of
manipulative performance. The block-packing
task is assumed to be the task in the present
battery most sxmilar to the Minnesota Rate
of Manipulati task which has been

used to define the Manual Dexterity factor
(Fleishman & Ellison, 1962). Thus, differ-
ences in response to cold exposure between
the Purdue Pegboard assembly task and the
block-packing task are regarded as reflecting
differences between finger dexterity and man-

The following analysis of performance on
the Purdue Peghoard assembly and the block-

Surface temperature
(® Fahrenheit)
Task

Cooling | ggo | 55 | 48°

Block packing 4 10

Block stringing Fast 12

Slow 12 30

Craik screw Fast 14 14

Slow 14 27

Knot tying 12 28
Purdue Peghoard | Faxt 8 | 29  ualdexterity.

Slow 8 21 45

Screw tightening 7 20 37

sult in performance reductions no greater
than 10%, even when finger surface tempera-
ture is lowered to an average of 48° Fahren-
heit (8.9° Centigrade). The results of the
present study also suggest minimizing require-
ments associated with the screw-tightening
task. Screw-tightening performance was im-
paired on the order of 8% when finger surface
temperature was lowered to only 65° Fahren-
heit (18.3° Centigrade). When finger surface
temperature was lowered to 48° Fahrenheit
(8.9°), screw-tightening performance was re-
duced by 37%.

In the present study, the effects of rate
and level of cooling on manual performance
across tasks suggest that (4) manual tasks
differ from each other with respect to rela-
tive dependence on aspects of manual per-
formance; (b) aspects of manual performance
differ, relative to each other, in their depen-
dence on unimpaired functioning of cutaneous
receptors, finger joints, muscles, and nerves,
and (c) parameters of cold exposure interact
in their effects on the hand. For example, a
lower subsurface hand temperature is inferred
for slow cooling than for fast cooling to a
fixed level of surface temperature. Manual
tasks, in fact, do differ and the factors of
manipulative performance have been identi-
fied as Manual Dexterity, Finger Dexterity,

packing tasks is illustrative of possible rela-
tionships among aspects cf manipulative per-
formance, functional integrity of the hand,
and parameters of cold exposure, An impor-
tant, assumed relationship between manual
dexterity (manipulation of large objects) and
finger dexterity (manipulation of small ob-
jects) Is the increased dependence on sensory
feedback from joint articulation as the ma-
nipulated object becomes smaller, Thus, when
the fingers become stiff during cold exposure,
and the sensory feedback is reduced, finger
dexterity tasks show a greater impairment
than manual dexterity tasks. In the present
study, Purdue Pegboard assembly perform-
ance was impaired when finger surface tem-
peratures were lowered to 65° Fahrenheit
(18.3° Centigrade) using a slow rate of cool-
ing or to 55° Fahrenheit (12.8° Centigrade)
with a fast cooling rate, Continued slow cool-
ing to a 48° Fahrenheit (8.9° Centigrade)
finger surface temperature resulted in reduc-
tions in performance on the order of 45% By
increasing object size and thereby minimizing
controlled finger articulation, the size of cold
induced performance decrements should be
reduced, and the surface temperature level at
which initial impairments occur should be
lowered even with slow cooling. This relation~
ship was found when block-packing perform-
ance during cold exposure was compared with
Purdue Pegboard assembly performance.
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